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[57] ABSTRACT

A method for selectively heating an insulating layer on
a semiconductor structure by a high energy transient
radiation source to a temperature sufficient to cause
reflow without any significant heating of the regions
adjacent to or underlying the insulating layer. In one
embodiment a laser tuned to the absorption wavelength
of the insulating material is scanned over the surface of
the semiconductor structure. In another embodiment an
insulating layer and an underlying or adjacent semicon-
ductor layer are concurrently heated by a laser tuned to
an absorption wavelength common to both 1n order to
maintain the integrity of the interface therebetween. In
a further embodiment the depth of heating in an insulat-
ing layer 1s controlled by selecting an appropriate dwell
time for a continuous wave laser and a pulse duration
for a pulsed laser.

16 Claims, 4 Drawing Figures
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1
ABSORPTION OPTIMIZED LASER ANNEALING

BACKGROUND OF THE INVENTION

This invention relates generally to the formation of
insulating layers during the fabrication of semiconduc-
tor integrated circuit devices, and more particularly to
a method for reflowing such layers to form a smooth
surface topography.

Bipolar and metal-oxide-semiconductor (MOS) de-

d
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vices frequently include phosphosilicate glass (PSG),

silicon dioxide; or silicon nitride layers for insulation
and passivation. These layers are typically thermally
grown or deposited on silicon, polysilicon, or metal.
During subsequent processing steps these insulating
layers are patterned and etched using either plasma,
reactive ion, or wet etching techniques. Such etchants,
particularly plasma and reactive etches, usually pro-
duce vertical sidewalls, sharp edges and sharp corners
in the etched layers, which tend to create step coverage
problems during the formation of overlying layers. One
known method for removing the sharp features in PSG
is to subject the device to a high temperature in order to
reflow the PSG. However, this process is satisfactory
~ only for fairly high concentrations of phosphorus, 1.e.,
10-12 percent, in PSG. For lower concentrations, tem-
peratures in excess of about 1,000 degrees C. are re-
quired to achieve reflow. In the case of very low con-
centrations of phosphorus, and-for undoped oxide and
nitride, this technique is unsatisfactory. -

High temperature reflow can also not be utilized
‘when the insulating layer overlies a layer of low melting
point metal, for example, aluminum or an aluminum-
copper alloy. Even high melting point metal layers
usually suffer degradation during high temperature
processing. Such heat treatment steps normally last
- 30-60 minutes, which is long enough to cause substan-
tial diffusion of implanted or diffused impurities in sili-
con and polysilicon. This diffusion is particularly unde-
sirable in very large scale integrated circuit devices.

If the device is heated for a shorter period of time,
“higher temperatures are needed to cause reflow and the
time-temperature product still remains unacceptably
high. Further, even where a high temperature step is
acceptable for reflowing a PSG layer, the concentration
of phosphorus required in the PSG is so high that the
- phosphorus will eventually react with moisture in the
air to form phosphoric acid which corrodes the metalli-
zation in the circuit and frequently causes device fail-
ure. - o

In addition to the need for reflowing edges and cor-
ners, heating or annealing of oxide and nitride layers is
advantageous for reparing damage caused during im-
plantation and for improving the structural integrity of
oxides grown on polysilicon, ie., interlevel oxides
(ILO). One technique for improving the ILO 1s to laser
anneal the polysilicon prior to oxide growth. The unde-
sirable heating of the underlying layer is still a problem,
however.

There is thus a need for a method for heating the
insulating layer to be reflowed while maintaining the
other regions of the device at a relatively low tempera-
ture. | |

SUMMARY OF THE INVENTION

The present invention provides a method for selec-
tively heating an insulating layer on a semiconductor
structure by a high energy transient radiation source to
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a temperature sufficient to cause reflow without any
significant heating of the regions adjacent to or underly-
ing the insulating layer.

One aspect of the invention is embodied in a method
wherein a continuous wave or a pulsed laser tuned to
the absorption wavelength of the insulating material 1
scanned over the surface of the semiconductor struc-
ture. Only the insulating layer will absorb any signifi-
cant amount of laser energy.

Another aspect of the invention is embodied In a
method for concurrently heating an insulating layer and
an underlying or an adjacent semiconductor layer by a
laser tuned to an absorption wavelength common to
both materials in order to maintain the integrity of the
interface therebetween.

Still another aspect of the invention is embodied 1n a
method for controlling the depth of heating in an insu-
lating layer by selecting an appropriate dwell time for a
continuous wave laser or an appropriate pulse duration
for a pulsed laser. |

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and many of the attendant advantages
of the present invention will be readily apparent as the
invention becomes better understood by reference to
the following detailed description with the appended
claims, when considered in conjunction with the ac-
companying drawings, wherein:

FIG. 1 is a graphical representation of the energy
absorption coefficient as a function of wavelength for
various materials; |

FIG. 2 is a graphical representation of energy inten-
sity as a function of depth of penetration into a material;

FIG. 3 is a graphical representation of the intensity
level of pulses of different durations for a given pulse
energy; and

FIG. 4 is a graphical representation of the depth of
heating profiles for pulses of different durations.

DETAILED DESCRIPTION OF THE
INVENTION '

It has been determined that insulating materials such
as PSG, silicon dioxide and silicon nitride formed on a
semiconductor structure can be selectively heated by a
high energy transient radiation source to a temperature
sufficient to cause reflow without any significant heat-
ing of the regions underlying or adjacent to the insulat-
ing material.

In one embodiment of the present invention a contin-
uous wave (CW) or a pulsed laser is tuned to a wave-
length that is within a strong absorption band of the
insulating material to be heated. The laser beam is then
scanned over the surface of a semiconductor wafer by
any known method for a length of time and in such a
manner as to cause the insulating material to reflow.
Referring to FIG. 1, which is a graphical representation
of the absorption coefficient as a function of wave-
length, it can be seen that for PSG and silicon dioxide a
strong absorption band occurs at wavelengths of about
5 microns and about 9-11 microns, with a peak occur-
ring at about 9.25 microns. A CO or a CO2 laser tuned
to this wavelength was found to be particularly useful in
reflowing PSG and silicon dioxide without significantly
heating the underlying polysilicon or silicon. Similarly,
silicon nitride exhibits a high absorption coefficient for
radiation at wavelengths of about 11.5 microns and
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about 21 microns. The laser is therefore tuned to this
wavelength for nitride reflow.

In another embodiment of the present invention,
when it is desired to heat both an insulating region and
an adjacent or an underlying silicon or polysilicon re- 5
gion, a laser having an emission absorbed by both types
of materials is employed. In the case of silicon and sili-
con dioxide, referring again to FIG. 1, the absorption
coeflicient of both materials is high for wavelengths less
than about 400 nm. For example, an excimer or other
ultraviolet laser having a wavelength less than about
400 nm. will reflow silicon dioxide and heat the adja-
cent or underlying silicon or polysilicon regions with-
out causing any damage in the silicon or at the silicon to
silicon dioxide interface.

Another aspect of the present invention is embodied
in a method for controlling the depth of heating in a
layer heated as described above. The penetration of
laser energy into a particular material, that is, the en-
ergy intensity at a given distance from the incident 20
surface of the material, may be expressed as

10

15

I(x)=Ie—OAX
where 25
I,=energy intensity at the surface
a)==absorption coefficient
x=penetration depth with respect to the incident
surface
It 1s apparent from the above equation that the effective

depth of penetration of laser energy into a material for
a given I, is approximately (1/a)). A typical energy
intensity profile as a function of penetration distance is

shown in FIG. 2. The depth of heating is further deter-
mined by the dwell time in the case of a CW laser and
the pulse duration in the case of a pulsed laser.

The dwell time, tz, of a CW laser is approximately
equal to (d/v), where d is the beam diameter and v is the
scanning viscosity. A shorter dwell time will thus result
in a reduced depth of heating for a given CW power at 40
a particular wavelength.

In the case of a pulsed laser at a given wavelength and
pulse energy, a shorter pulse duration results in a higher
pulse intensity and a shallower depth of heating. This is
apparent by referring to the following expression for 45
pulse energy, E, where t, is the pulse duration

30

35

‘p
E= [ Knd:
0 50

and to FIG. 3, which shows the effect on intensity I of
shortening the pulse duration from t; to t; while the
pulse energy E, or the area under the intensity curves,
remains constant. FIG. 4 shows the depth of heating, 55
which is related to the radiation intensity profiles, for
pulses of durations t; and ty, where t; is less than t1.

It has also been determined that the lateral tempera-
ture profile and the associated stresses in a layer of
material can be controlled by selecting an appropriate 60
spatial profile for the laser beam. For example, a rectan-
gular, a triangular, or any profile other than the normal
Gaussian profile may effectively. be’ employed depend-
ing on the desired temperature and stress profiles.

The foregoing embodiments may be effected by a
CW laser having a power of about 20-150 watts. A spot
size ranging from about 50 microns to about 500 mi-
crons will result in a power density of about 75-150

65

4

kW/cm? and, assuming a scan velocity of 0.5-50
cm/sec., the dwell time will range from 0.1-10 msec.

When a pulsed laser is employed, a satisfactory inten-
sity and temperature profile can be obtained with a
pulse duration of about 10 microseconds. At a pulse
repetition rate of 1-100 pulses per second and a pulse
energy of about 0.1-5 J/cm?, the resulting energy inten-
sity 1s about 75-150 kW/cm?2. A pulse duration of about
10 nanoseconds at a similar energy level and a pulse
repetition rate of 10°-10% pps. will result in an energy
intensity of 75-150 MW /cm?2.

The present invention thus provides a method for
selectively heating and reflowing an insulating layer in
an integrated circuit device without heating an underly-
ing or an adjacent semiconductor layer. A method is
also provided for simultaneously heating an insulating
layer and an underlying semiconductor layer to main-
tain the integrity of the interface therebetween during
reflow of the insulating layer.

Obviously, many modifications and variations of this
invention are possible in the light of the above teach-
ings. It is therefore to be understood that within the
scope of the appended claims the invention may be
practiced otherwise than as specifically described.

What is claimed is:

1. A method for selectively heating an insulating
layer on a semiconductor device comprising the steps
of:

exposing the insulating layer to a continuous wave,

scanned high energy laser beam, the wavelength of
which is adjusted to coincide with a high absorp-

tion wavelength of said insulating layer; and
selecting the dwell time of said laser beam so that the

temperature rise in said insulating layer from said
laser beam is substantially reduced as the distance
from the surface of said insulating layer increases.

2. The method of claim 1 wherein said insulating
layer comprises phosphosilicate glass.

3. The method of claim 1 wherein said insulating
layer comprises silicon dioxide.

4. The method of claim 1 wherein said insulating
layer comprises silicon nitride.

5. A method for selectively heating an insulating
layer on a semiconductor device comprising the steps
of: - |

exposing the insulating layer to a pulsed, scanned

high energy laser beam, the wavelength of which is
adjusted to coincide with a high absorption wave-
length of said insulating layer; and

selecting the pulse duration and rate of said laser

beam so that the temperature rise in said insulating
layer from said laser beam is substantially reduced
as the distance from the surface of said insulating
layer increases.

6. The method of claim 5 wherein said insulating
layer comprises phosphosilicate glass.

7. The method of claim 5 wherein said insulating
layer comprises silicon dioxide.

8. The method of claim 5 wherein said insulating
layer comprises silicon nitride.

9. A method for fabricating a semiconductor device
comprising the steps of:

forming an insulating layer on a semiconductor re-

gion;

exposing said insulating layer to high energy laser

radiation which is coupled to said insulating layer
and said underlying semiconductor layer to reflow
sald insulating layer while heating said semicon-
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ductor layer to maintain the integrity of the inter-
face therebetween. | |
10. The method of claim 9 wherein said exposing step
comprises the steps of: 5
adjusting the wavelength of said laser radiation to
coincide with a high absorption wavelength of
both said insulating layer and said semiconductor
region; and |
continuously scanning a laser beam over the surface
of said insulating layer.
11. The method of claim 10 wherein the scanning step
is accomplished with a beam from a continuous wave
laser. 15
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12. The method of claim 11 wherein said insulating
layer comprises phosphosilicate glass and said semicon-
ductor region comprises silicon.

13. The method of claim 11 wherein said insulating
layer comprises silicon dioxide and said semiconductor
region comprises silicon.

14. The method of claim 10 wherein the scanning step
15 accomplished with a beam from a pulsed laser.

15. The method of claim 14 wherein said insulating
layer comprises phosphosilicate glass and said semicon-
ductor region comprises silicon.

16. The method of claim 14 wherein said insulating
layer comprises silicon dioxide and said semiconductor

region comprises silicon.
x %X %X xXx %
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